The prediction that progressive coupling of host and symbiont metabolic and reproductive interests leads to reduced mixing of symbiont lineages has been verified extensively in maternally transmitted bacterial endosymbionts of insects. To test whether this prediction is also applicable to associations of bacteria with fungi, we explored patterns of molecular evolution in two lineages of mutualistic endosymbionts of fungi: the Burkholderia endosymbionts of Rhizopus microsporus (Mucormycotina) and Candidatus Glomeribacter gigasporarum endosymbionts of arbuscular mycorrhizal fungi (Glomeromycota). We compared these two lineages with the closely related Candidatus Tremblaya princeps endosymbionts of mealybugs (Hemiptera, Coccoidea, Pseudococcidae) and to free-living Burkholderia species. To make inferences about the life histories of the endosymbionts, we relied on the empirically validated predictions of the nearly neutral theory of molecular evolution that a reduction of the effective population size increases the rate of fixation of slightly deleterious mutations. Our analyses showed that the slightly deleterious mutation accumulation patterns in the Burkholderia endosymbionts of Rhizopus were nearly indistinguishable from those in their free-living relatives. In contrast, Ca. Glomeribacter showed unique patterns of molecular evolution that differentiated them from both the Burkholderia endosymbionts of Rhizopus and from the Ca. Tremblaya endosymbionts of insects. These findings imply that reduced mixing of symbiont lineages is not a universal feature of symbioses between fungi and endocellular bacteria.
Introduction
The process of reciprocal selection between hosts and symbionts, which results in progressive coupling of host and symbiont metabolic and reproductive interests, is expected to favor reduced mixing of symbiont lineages (Frank 1994 (Frank , 1996a (Frank , 1996b . Genetically uniform symbionts are less likely to engage in disruptive competition for host resources and inflict damage to the host. This prediction has been confirmed in maternally transmitted bacterial endosymbionts of insects, which provision their hosts with essential metabolites (Baumann 2005; Moran et al. 2008) . However, reduced mixing of symbiont lineages has not been investigated in other symbiotic systems, particularly those where the host exhibits life-history traits that vary from those seen in insects. In this study, we investigated whether reduced symbiont mixing is an attribute of associations between fungi and their bacterial endosymbionts. To address this question, we examined the patterns of molecular evolution in two lineages of beta-proteobacteria associated with divergent lineages of fungal hosts and compared them with the patterns of closely related endosymbionts of insects as well as to the free-living relatives. We used these data to make inferences about life histories of the endosymbionts, including the degree of lineage mixing.
In heritable endosymbionts of insects, mixing of symbionts is nearly eliminated due to 1) subdivision of endosymbiont populations into lineages associated with individual host lineages, 2) clonal reproduction, and 3) population bottlenecks, which punctuate symbiont transmission from one host generation to the next (Baumann 2005; Moran et al. 2008) . These life-history traits, in addition to lessening the conflicts between hosts and their endobacteria, are important determinants of the endosymbiont's effective population size and contribute to dramatic reductions of the endosymbiont populations (Orive 1993; Caballero 1994) . The nearly neutral theory of molecular evolution predicts that reduction of the effective population size magnifies genetic drift and increases the rate of fixation of slightly deleterious mutations (Ohta 1972 (Ohta , 1973 . The process of elevated fixation of slightly deleterious mutations is expected to yield several distinct patterns of molecular evolution that will differentiate the endosymbionts from their free-living relatives. The patterns of molecular evolution consistent with the predictions of the nearly neutral theory are universally displayed by populations of maternally transmitted essential endosymbionts of insects (Moran 1996; Lambert and Moran 1998; Itoh et al. 2002; Woolfit and Bromham 2003; Canbäck et al. 2004 ). However, the occurrence of these patterns is not limited to insect endosymbionts. The predictions of the nearly neutral theory have been also confirmed in gut symbiotic bacteria of stinkbugs (Kikuchi et al. 2009 ), fungal symbionts of insects (Woolfit and Bromham 2003) , and endemic island populations of vertebrates, invertebrates, and plants with small effective sizes (Woolfit and Bromham 2005) .
The patterns of molecular evolution expected in populations with small effective sizes include 1) overabundance of slightly deleterious mutations in the genome (Ohta 1972) , 2) accumulation of compensatory mutations, which are deleterious by themselves but restore the fitness losses caused by other mutations (Ohta 1973; Kimura 1985) , and 3) an accelerated rate of sequence evolution relative to free-living taxa (Ohta 1972) . 1) In protein-coding genes of insect endosymbionts, accumulation of deleterious mutations is indicated by an overall increase in the ratio of nonsynonymous to synonymous substitutions (Moran 1996; Mamirova et al. 2007 ). In rRNA genes, elevated fixation of deleterious mutations is manifested by accumulation of mismatch mutations that reduce the thermodynamic stability of the rRNA secondary structure, which is important for the function of the ribosome (Lambert and Moran 1998) . 2) In addition to the mismatch mutations, rRNA genes of insect endosymbionts also show accumulation of compensatory mutations (Lambert and Moran 1998). 3) The acceleration of molecular evolution rates is one of the hallmarks of heritable endosymbionts of insects (Moran 1996; Itoh et al. 2002; Woolfit and Bromham 2003; Canbäck et al. 2004 ) although the degree of rate acceleration differs between functional classes of endosymbiont genes, and these differences correlate with the metabolic dependency on the host (Canbäck et al. 2004) .
Bacterial endosymbionts are rarely found in fungi. The exceptions include beta-proteobacteria Burkholderia endofungorum and Burkholderia rhizoxinica endosymbionts of plant-associated Rhizopus microsporus (Mucormycotina) (Partida-Martinez, Groth, et al. 2007 ) and Candidatus Glomeribacter gigasporarum found in several species of arbuscular mycorrhizal (AM) fungi (Glomeromycota) (Bianciotto et al. 2003) . The effects of these bacterial endosymbionts on the biology of their fungal hosts are understood relatively well. However, the life histories of the bacteria themselves have not been fully explored.
Strains of R. microsporus that harbor the Burkholderia endosymbionts benefit from bacteria-mediated synthesis of potent antimitotic polyketide metabolites (PartidaMartinez and Hertweck 2005, 2007; Scherlach et al. 2006; Partida-Martinez, de Looss, et al. 2007; Partida-Martinez et al. 2008) . These toxins are important in securing nutrients for the fungus and protecting the nutrient sources from competitors. The ability of the fungus to benefit from the bacteria-produced toxin without suffering its adverse effects is related to the specific amino acid composition of fungal beta-tubulin that evolved in the ancestor of extant Mucorales and Mortierellales (Schmitt et al. 2008) . In addition to toxin synthesis, the endosymbionts control the ability of the fungal host to reproduce asexually (PartidaMartinez, Monjembashi, et al. 2007 ). Fungal mycelia cured of endosymbionts are unable to form asexual spores, which are critical for dispersal. Asexual reproduction can be restored by reintroducing the endosymbionts into the host cytoplasm, by cocultivation of mechanically wounded mycelia with bacterial cells (Partida-Martinez and Hertweck 2005; Partida-Martinez, Monjembashi, et al. 2007 ).
The role of Ca. Glomeribacter gigasporarum in the life of its AM fungal hosts is subtler than the role that the Burkholderia endosymbionts play in the life of R. microsporus (Bianciotto et al. 2003 (Bianciotto et al. , 2004 Jargeat et al. 2004; Lumini et al. 2007) . Glomeromycota are horizontally transmitted obligate biotrophs that colonize plant roots and depend on plant-assimilated carbon in exchange for improved uptake of mineral nutrients (Smith and Read 2008) . Candidatus Glomeribacter is not essential to the survival or reproduction of the AM fungal host (Lumini et al. 2007 ). However, removing the endosymbiont reduces proliferation of fungal hyphae during the presymbiotic phase of the fungal life, which is critical for securing the plant host (Lumini et al. 2007 ). Candidatus Glomeribacter is recalcitrant to cultivation ). It has a relatively small genome of 1.4 Mb , which suggests gene erosion associated with metabolic dependence on the host .
To better understand the patterns of molecular evolution in bacterial endosymbionts of fungi, we compared them with the patterns in Candidatus Tremblaya princeps, which is a and beta-proteobacterium endosymbiont of mealybugs (Hemiptera, Coccoidea, Pseudococcidae) (Munson et al.1992; Baumann et al. 2002; Baumann 2005) . Candidatus Trembalya is transmitted maternally and is believed to provision its hosts with essential amino acids missing from the mealybugs' unbalanced diet of sugar-rich phloem sap.
To link the patterns of molecular evolution with the effective population size and life history of the bacterial endosymbionts of fungi, we reconstructed their phylogenies based on the 16S rRNA gene sequences and measured the rates of rRNA gene evolution relative to free-living species. We explored the accumulation of deleterious mutations in the endosymbiont lineages by estimating the thermodynamic stability of their rRNA secondary structures and classifying the accumulated nucleotide substitutions as mismatch, compensatory, or complementary mutations. We also examined the patterns of accumulation of nonsynonymous and synonymous substitutions in bacterial endosymbionts relative to the free-living taxa. Direct comparisons between endosymbiotic lineages have been always difficult because of variation among evolutionary histories of individual host lineages. In this study, we developed an approach that enables direct comparisons between endosymbiotic lineages, by constructing evolutionary trajectories through intermediate states shared by all lineages, thus taking into consideration the phylogenetic relationships among the endosymbionts. Each evolutionary trajectory represents a distinct evolutionary history of the lineage, including past selection, mutation, and drift, as well as the taxonomic affiliation. In the process of analyzing the patterns of molecular evolution in endosymbiotic betaproteobacteria, we tested the hypothesis that reciprocal selection between the host and the endosymbiont favors reduced mixing of the symbiont lineages. We found that the patterns of mutation accumulation in the Ca. Tremblaya lineage were consistent with this expectation and were similar to other maternally transmitted endosymbionts of insects that show a small effective population size and a near absence of symbiont lineage mixing. In contrast, Molecular Evolution in Bacterial Endosymbionts of Fungi · doi:10.1093/molbev/msp280 the Burkholderia endosymbionts of Rhizopus were nearly indistinguishable from the free-living relatives. Finally, Ca. Glomeribacter showed unique patterns of molecular evolution that made it different from both the endosymbionts of Rhizopus and the endosymbionts of insects. These findings suggest that reduced mixing of symbiont lineages is not a universal feature of symbioses between fungi and endocellular bacteria.
Materials and Methods

Organism DNA Sequences
All available published 16S rRNA gene sequences of Ca. Glomeribacter gigasporarum, Ca. Tremblaya princeps, and the Burkholderia endosymbionts of Rhizopus, including B. rhizoxinica and B. endofungorum, deposited into the National Center for Biotechnology Information GeneBank (Accessed 2007-11-03 and 2009-05-15) were included in this study. Based on the study by Lackner et al. (2009) , which indicated that different strains of the Burkholderia endosymbionts of Rhizopus may be exchanging genes, we decided to treat them as a single lineage. In previously published phylogenies (Bianciotto et al. 1996; PartidaMartinez, de Looss, et al. 2007; Partida-Martinez, Groth, et al. 2007; Lackner et al. 2009 ), species of Burkholderia were found to be the closest free-living relatives of Ca. Glomeribacter. We chose Burkholderia cepacia (AB091761) and Burkholderia glathei (Y17052) as representative free-living relatives because they exhibited two different lifestyles that are normally found in Burkholderia spp. common in the soil: B. cepacia is a species complex that can be an opportunistic human pathogen, whereas B. glathei is rarely pathogenic (Coenye and Vandamme 2003) . We also used Burkholderia norimbergensis (AF139171), Burkholderia caryophylii (AB20423), and Burkholderia pseudomallei (AJ131790) because of their phylogenetic positions relative to the endosymbiotic lineages (see fig. 1 ).
Phylogenetic Analysis
The sequences of the 16S rRNA genes were aligned in ClustalX v2.0 (Thompson et al. 1997; Larkin et al. 2007) . Regions that could not be aligned unambiguously were excluded from the analysis, yielding an alignment of 1,338 bp. The phylogeny of the endosymbiotic and free-living lineages was reconstructed in PAUP* v4.0b10 (Swofford 2002) and MrBayes v3.1.3 (Ronquist and Huelsenbeck 2003) . The hierarchical likelihood ratio tests (hLRTs) and the Akaike information criterion (AIC) implemented in Modeltest v3.7 (Posada and Crandall 1998) were used to identify nucleotide substitution models that best fit the data. The TrN þ I þ G, Tamura and Nei (1993) model with a proportion of invariable sites and gamma-distributed rate variation across the remaining sites, and the GTR þ I þ G, general time reversible model (Tavaré 1986 ) with invariable sites and gamma-distributed rates across variable sites were the best models identified according to the hLRTs and the AIC, respectively. In PAUP*, a maximum likelihood topology was created and bootstrap support was calculated by completing 1,000 replicates for the GTR þ I þ G and TrN þ I þ G maximum likelihood trees. In MrBayes analyses, the number of generations was set to 800,000, the initial burnin was 20,500 trees, and trees were sampled every five generations. A consensus of the final maximum likelihood trees and the consensus trees generated by MrBayes was used as the final tree topology.
Relative Rates of Sequence Evolution
To assess the differences in the accumulation of deleterious mutations that have contributed to the differences in the overall rates of evolution, we analyzed the relative rates of sequence evolution in the 16S rRNA gene. To determine if sequence evolution rates in the endosymbiont and free-living lineages were uniform, we used the relative rates test (rrlike) implemented in r8s v1.7 (Sanderson 2003) . The rrlike relative rates test is based on the Langley-Fitch method (Langley and Fitch 1974) , which uses maximum likelihood to reconstruct the divergence time under the assumption of a molecular clock. The rrlike algorithm tests the hypothesis that a model with one constant rate of sequence evolution for a clade, which descended from a given most recent common ancestor (MRCA), fits the data as well as a model in which each of the subclades (two or more) that descended from the MRCA have different but constant rates. The likelihood ratio (LR) of the model with one constant rate compared with the model with different rates is distributed similarly to the v 2 statistic. Using this method on internal nodes to make direct comparisons between endosymbiotic and free-living lineages increases the chance of Type II errors because small numbers of observations can artificially increase the LR value due to averaging effects (Langley and Fitch 1974) . As a consequence, this test was only implemented on the tree as a whole.
To examine the rates of evolution within individual endosymbiotic lineages and between lineages, we used Tajima's 1D relative rate test (Tajima 1993) implemented in MEGA4 (Tamura et al. 2007 ). This test is more conservative than other relative rate and LR tests, and it does not make as many assumptions about the nucleotide substitution model. The 1D relative rates test was used specifically because in our analysis, we always used a taxon that was a known outgroup. In this test, the differences in the rates of evolution of two ingroup sequences are compared by evaluating the number of substitutions at segregating sites between a reference outgroup sequence and the two ingroup sequences. We conducted pairwise comparisons for all endosymbiotic lineages and their closest free-living Burkholderia relatives. We also carried out pairwise comparisons between each endosymbiotic lineage and three other Burkholderia species. One of the Burkholderia species (B. norimbergensis) was basal in the phylogeny and served as an outgroup for testing the rates of relative sequence evolution within the genus. Another species (B. pseudomallei), was in a completely free-living Burkholderia group, outside of the group that contained Ca. Tremblaya. The last species (B. glathei) was in a sister group to the clade that contained the Ca. Tremblaya and B. pseudomallei lineages. We conducted every comparison twice, using a Ralstonia species as an outgroup for one set of tests and the basal Burkholderia as an outgroup when it was not one of the ingroups that we were comparing. Sites with gaps, missing information, or ambiguous bases were not included in the calculation. The 1D relative rate statistic is distributed similarly to v 2 . Tajima's 1D relative rate test can be used to infer which sequence is evolving faster, because the rate is directly dependent on the tip path length. In this experiment, we made assumptions similar to Woolfit and Bromham (2003) to determine which lineages were evolving faster. Specifically, we assumed that the lineage that accumulated more nucleotide substitutions was evolving faster, because in a pairwise comparison, the divergence time from the outgroup, and from each other, is constant for the two lineages.
We calculated the relative age for each internal node and relative rates of sequence evolution along each branch in r8s v1.7 using the nonparametric smoothing method. Nonparametric rate smoothing (Sanderson 1997 ) relaxes the assumption of a molecular clock by using a least squares smoothing of local estimates of substitution rates. This method estimates divergence times for all unfixed nodes. The optimality criterion is a sum of squared differences in the local rate estimates compared from branch to neighboring branch. Confidence intervals in the relative internal node ages and standard errors in the relative rates of sequence evolution were calculated using the method described in Sanderson and Doyle (2001) , implementing the r8s-bootkit (Eriksson 2007) . The node shared by all of the Burkholderia species was given an arbitrary age of 100, because we do not have a calibration reference. As a result, all ages from that node represent the relative divergence time as a proportion of the aged node. For example, if a node was 60 years old in the analysis, this signified that the node was actually 60% as old as the MRCA of the Burkholderia genus.
Thermodynamic Stability of rRNA Secondary Structures
To measure the accumulation of deleterious mutations that affect the thermodynamic stability of the rRNA secondary structure, we estimated Gibb's free energy change (DG) for Domain I of the 16S rRNA subunit. DG is a change in the free energy associated with the secondary structure folding of the rRNA molecule, compared with the free energy of an unfolded single rRNA strand. The domain was first divided into six regions numbered according to the regions identified in crystallography studies of Escherichia coli rRNA secondary structures: 65, 122, 240, 52, 39, and 27 (Gutell 1994) . Due to the restrictions of strand continuity, region 52 was further divided into four smaller subregions, whereas regions 39 and 27 were divided into three smaller subregions. The individual regions were located within the gene sequence for each isolate using the known region positions for E. coli (J01695) as a reference and the secondary structure-guided alignment provided by the ARB-Silva database SSURef 93 accessed through ARB v6.03.23 (Ludwig et al. 2004) . Once the rRNA regions were identified, they were individually folded using the MFold algorithm (Zuker 2003) , which also measured the DG. Regions 52, 39, and 27 each contained a noncontinuous stretch of RNA that was folded by creating an artificial loop to connect the two complementary sections. The artificial loop was applied in the same manner to all sequences, and it did not affect the trends in ribosome stability. Parts of other regions also contained artificial structures, such as terminal bases and loops, but these were also applied consistently to all the sequences, and their removal did not affect the overall trends of stability within the respective region. The total stability of the domain was calculated as a sum of all individual regions. This sum was not a measure of the global stability for the region but could still be used to make comparisons between taxa.
Even though MFold will automatically generate the most stable secondary structure, it will also generate less optimal structures in regions where there is structural ambiguity. To resolve such ambiguities, and to make the folding predictions biologically relevant, we constricted and guided the folding based on the predicted secondary structure of E. coli (J01695), which has been verified through crystallography (Gutell 1994) . Once the structure approximated the known structure in E. coli, taking into account differences due to insertions and deletions, and there was still structural ambiguity, we retained the most stable structure for the comparisons.
For rRNA gene sequences that were incomplete in GenBank, we assumed that, due to the highly conserved nature of the 16S rRNA gene, the missing data would be most likely similar to the free-living Burkholderia. Missing sequence data were limited to the 5' end of the molecule and only affected our estimates of the noncontinuous regions in these accessions. The consensus sequence of the Burkholderia clade was used to determine the nucleotides that would be inserted in place of the missing data. After the secondary structures for these regions were constructed, they were compared with the secondary structure of the free-living Burkholderia to ensure that we were not artificially introducing mismatches into the region. Because we were ultimately comparing the endosymbionts with the free-living bacteria, this assumption allowed us to make conservative estimates of the differences in rRNA secondary structure stability because it would have made the endosymbiont structures more similar to their free-living relatives.
Mutation Accumulation Patterns in rRNA Genes
Mutation accumulation patterns can be readily detected from the combination of rRNA secondary structure models and phylogenetic comparisons of the sequence data. To evaluate the selection pressure against deleterious mutations in each lineage and establish a pattern for the accumulation of specific types of deleterious mutations in the endosymbiotic lineages, we traced mismatch, compensatory, and complementary mutations occurring in the stem regions of rRNA secondary structures. A mismatch mutation is a mutation that disrupts the secondary structure by causing a lack of base complementarity. A compensatory mutation is a mutation that restores base complementarity in response to a previous (typically deleterious) mismatch mutation at the site where pair bonding occurs. For example, a compensatory G/T mutation would correspond to a C/A change in the DNA region that codes for the paired strand in the rRNA molecule, resulting in a bonded pair (G:C/U:A) in the rRNA. Complementary mutations are mutations that maintain base pairing between the adjoining strands in the rRNA molecule without needing an additional compensatory mutation. For example, if the original bases that pair in the rRNA are G:C and a C/T mutation occurs, the structure of the strand will not be disrupted because G:U are able to pair in RNA, although they are thermodynamically less favorable than the Watson-Crick base pairing. Even though both of these mutations maintain the secondary structure, they both change Gibb's free energy prediction because they are less thermodynamically stable. The total number of substitutions was determined for each lineage by separately aligning each functional region of Domain I of the 16S rRNA gene to the consensus sequence for the Burkholderia clade. Insertions and deletions were not included in the estimate of the total substitutions. The substitutions were mapped onto the secondary structure predictions to establish if they occurred in a stem region or within a loop. For substitutions that occurred in a stem, we compared the effect that the mutation had on the base pairing with its partner and determined whether there had been a compensatory mutation, a complementary mutation, or a mutation resulting in a mismatch. Region 122 was excluded from the estimate of compensatory mutations because it was not possible to accurately trace the effects of the stem region mutations.
Evolutionary Trajectory Reconstruction
To assess differences in the evolutionary histories of bacterial endosymbiont lineages associated with different hosts, we constructed trajectories describing the evolution of their rRNA structures. We generated two sets of evolutionary trajectories. The first set described the transition from the ancestral state to the current state. These trajectories extended from the origin point representing the rRNA molecule stability in the MRCA to the endpoints representing the mean change in the rRNA molecule stability since the MRCA and the mean genetic distance to the MRCA in each extant lineage. The second set of trajectories described a transition from a free-living to an endosymbiotic lifestyle. These trajectories extended from the origin point representing the mean change in the rRNA molecule stability since the MRCA and the mean genetic distance to the MRCA in the free-living Burkholderia to the endpoints representing the mean change in the rRNA molecule stability since the MRCA and the mean genetic distance to the MRCA in each endosymbiotic lineage.
The MRCA was approximated by ancestral state reconstruction of the 16S rRNA gene sequence for the common ancestor shared by the free-living Burkholderia, Ca. Glomeribacter, the Burkholderia endosymbionts of Rhizopus, and Ca. Tremblaya. The ancestral gene sequence was reconstructed by creating a strict consensus sequence for each region, taking into account the covariance matrix for the aligned sequences of each region using Infernal 1.0 (Nawrocki et al. 2009 ). The covariance matrices were based on pair-bond relationships for consensus secondary structures for each region along with the specific alignment. The consensus secondary structures were determined from the universal 16S rRNA alignment in ARB v6.03.23 (Ludwig et al. 2004) and from the predicted secondary structures for each endosymbiotic lineage. Bases that were either autapomorphic or clade-specific insertions/deletions were excluded from the individual region alignments prior to the calculation of the covariance matrices. After the ancestor 16S rRNA gene regions were constructed, they were folded in the same manner as described previously. DG was calculated for the molecule. Genetic distances between the MRCA and the extant taxa were calculated in PAUP* using the Tamura-Nei substitution model.
Mutation Accumulation in Protein-Coding Genes
To evaluate the accumulation of nonsynonymous substitutions in protein-coding genes of bacterial endosymbionts, we compared all available housekeeping genes (table 5) that we could accurately align with genes of the free-living Burkholderia species. In pairwise comparisons, we estimated d N , the number of nonsynonymous substitutions per nonsynonymous site, and d S , the number of synonymous substitutions per synonymous site using the Modified Nei-Gojobori method (Zhang et. al. 1998 ) with the Jukes-Cantor correction assuming transition/transversion bias equal to two. We tested a null hypothesis that strictly neutral selection (d N 5 d S ) explains the nucleotide substitution pattern better than the alternative hypothesis d N . d S using the codon-based Z-test on the variance of d N À d S with 500 bootstrap replicates implemented in MEGA4 (Tamura et al. 2007 ). All positions containing gaps or missing data were eliminated from the analyses. The G þ C content was calculated for each gene and averaged for each endosymbiotic lineage.
Statistical Analysis
All statistical analyses were carried out in SAS v 9.13 (SAS Institute Inc.). To examine the accumulation of mismatch, compensatory, and complementary mutations in the 16S rRNA gene in bacterial endosymbionts relative to the freeliving taxa, we first tested the effects of the lineage affiliation of the organism (the Ca. Tremblaya lineage vs. the Ca. Glomeribacer lineage vs. the Burkholderia endosymbionts of Rhizopus vs. the free-living Burkholderia) on the total number of mutations accumulated in the gene using a Poisson regression in a log linear model. We also tested the effect of the lineage affiliation and the total number of mutations as well as the effect of the interaction between the lineage affiliation and the total number of mutations on the number of compensatory and complementary mutations, assuming that they occurred as two independent events. The Poisson regression was used because the Poisson distribution has a shape more similar to the distribution of the accumulation of mutations than the normal distribution. The significance of the regression coefficient for each effect was tested using an LR analysis. To determine which lineages had significantly different numbers of total, compensatory, and complementary mutations, we completed pairwise comparisons of the least squares mean for each lineage using the Wald Chi-square test. Here, we assumed that the lineage affiliation of an organism could be used as a proxy for its lifestyle, even though the lineage affiliation is also related to the taxonomic affiliation. It is equally reasonable to assume that the lineage affiliation can represent the selective environment for different types of mutations, which is a product of the association with a specific host.
The homogeneity of the slopes of the rRNA evolutionary trajectories was analyzed using a general linear model by testing the significance of the effect of the interaction term between the lineage affiliation of the organism (the Ca. Tremblaya lineage vs. the Ca. Glomeribacer lineage vs. the Burkholderia endosymbionts of Rhizopus vs. the freeliving Burkholderia) and the genetic distance separating this organism from the MRCA on the change in its rRNA secondary structure stability since the MRCA. The post hoc Tukey-Kramer test, using least squares means, was used to identify which evolutionary trajectory slopes were significantly different from each other. Normalcy of the distribution of the genetic distance and DG was tested using a normal probability plot and linear regression to determine Pearson's correlation coefficient and its difference from zero. Regressions of untransformed observation values on standardized distribution values that had a correlation coefficient lower than the significant value for normalcy at a 95% confidence level were transformed until they fit a normal distribution. Genetic distance data were transformed by taking the arcsine of the square root of the observations.
Results
Phylogenetic Analysis
To understand the evolutionary relationships between the Ca. Tremblaya princeps endosymbionts of insects, the Burkholderia endosymbionts of Rhizopus, the Ca. Glomeribacter gigasporarum endosymbionts of Glomeromycota, and free-living Burkholderia, we conducted a phylogeny reconstruction using 16S rRNA gene sequences ( fig. 1) . Even though the resolution within the Burkholderia genus is notoriously poor (Salles et al. 2002; Coenye and Vandamme 2003) , we were able to determine that all endosymbiotic lineages form distinct clades that fall within a larger Burkholderia clade. We found that the Burkholderia endosymbionts of Rhizopus form a sister lineage to Ca. Glomeribacter. Although previous phylogeny reconstructions of endosymbionts of fungi also indicated that bacteria associated with different lineages of fungi form separate clades, they differed in the placement of these clades within or outside the larger Burkholderia clade (Bianciotto et al. 1996; Partida-Martinez, de Looss, et al. 2007; Partida-Martinez, Groth, et al. 2007 ). In addition, none of the earlier phylogenies included all three endosymbiotic lineages.
Relative Rates of Sequence Evolution
To compare the rates of evolution of the endosymbiotic beta-proteobacteria and their free-living relatives, we explored homogeneity of the rates of the 16S rRNA gene sequence evolution from the MRCA, shared by the free-living Burkholderia species and the endosymbiotic lineages, to each extant taxon included in the analysis. We found that the rates of evolution among the lineages were not uniform (supplementary table S1, Supplementary Material online):
The LR of a model assuming uniform sequence evolution compared with a model where each subclade has a unique rate of sequence evolution was significant (LR 5 48.9; P , 0.001). Consequently, we rejected the hypothesis that evolution was occurring in a clocklike manner.
The Ca. Tremblaya lineage exhibited a significantly more rapid rate of sequence evolution than any of the free-living Burkholderia species (table 1 and supplementary table S1 , Supplementary Material online). It also showed a significantly faster evolution rate than the Ca. Glomeribacter lineage (table 1 and supplementary table S1 , Supplementary Material online). The Ca. Glomeribacter lineage, in turn, showed a significant rate acceleration relative to the Burkholderia endosymbionts of Rhizopus and the free-living Burkholderia (table 1 and supplementary table S1 , Supplementary Material online). The rates of sequence evolution in the Burkholderia endosymbionts of Rhizopus did not differ from these in the free-living Burkholderia species (table 1 and  supplementary table S1 , Supplementary Material online). We also did not see significant differences in the rate of sequence evolution within any of the endosymbiotic lineages (supplementary table S1, Supplementary Material online).
In addition to comparing the rates of sequence evolution among the endosymbiotic and free-living beta-proteobacteria, we estimated the times of divergence of the Ca. Tremblaya and Ca. Glomeribacter lineages from their respective sister clades and found that they were different. The 95% confidence interval range containing the age of the MRCA shared by Ca. Tremblaya lineage and its most closely related free-living Burkholderia relative was 70.198-71.357 (the node shared by all Burkholderia species was given an arbitrary age of 100). This interval did not overlap with the 76.939-78.011 interval for Ca. Glomeribacter and the Burkholderia endosymbionts of Rhizopus.
Thermodynamic Stability of rRNA Secondary Structures
The differences apparent in the evolution rates among the beta-proteobacteria lineages suggested divergent patterns of mutation accumulation. To explore these differences, we quantified the thermodynamic stability of Domain I in the secondary structures of 16S rRNA in the endosymbionts and their free-living relatives (supplementary figs. S1-S4, Supplementary Material online). The rRNA secondary structures in Ca. Tremblaya were the least stable among the examined lineages (supplementary fig. S1 , Supplementary Material online, table 2). The rRNA structures of Ca. Glomeribacter were the most stable (supplementary fig. S2 , Supplementary Material online, table 2). The Burkholderia endosymbionts of Rhizopus (supplementary fig. S3 , Supplementary Material online) were similar to the free-living Burkholderia (supplementary fig. S4 , Supplementary Material online, table 2). The two rRNA regions that contributed most to the differences among the endosymbiotic lineages were regions 122 and 240, whereas other regions had minimal impact (table 2) .
The thermodynamic destabilization of the 16S rRNA structures in Ca. Tremblaya was mostly attributed to compensatory and complementary mutations, which result in less stable associations than the initial base-pairing associations. The general increase in the rRNA stability in Ca. Glomeribacter could be accounted for by insertions in the gene sequence, which expanded the stem regions and enhanced the overall stability of the molecule in spite of the compensatory and complementary mutations that occurred (supplementary fig. S2 , Supplementary Material online). Interestingly, some individuals from the Ca. Tremblaya lineage also showed insertions in Domain I of the 16S rRNA gene. However, the specific locations of these insertions were different from the ones observed in Ca. Glomeribacter. The exact nature of these insertions, that is, accumulation of nucleotide insertions versus a single large insertion event, could not be established. 
norimbergensis (AF139171)
The 1D relative rate statistic distribution is the same as the distribution of v 2 . ** indicates significance at P , 0.005. If a value is significant, the null hypothesis of equal rates of sequence evolution can be rejected.
Mutation Accumulation Patterns in rRNA Genes
To understand the differences in the 16S rRNA secondary structure stability, we analyzed the mutation patterns in the 16S rRNA genes in the endosymbionts and their free-living relatives (table 3) . To account for sequence length differences, we limited the search to mutations in the stem regions, and excluded region 122 from the analysis. The total number of bases examined was approximately the same for each individual, with an approximate mean of 1,200 bases. The Poisson regression analysis revealed that lineage affiliation was a significant predictor of the total number of mutations (LR 5 170.8, P , 0.0001). The Wald Chi-square comparisons showed that the only lineage pair that did not exhibit significant differences in the total number of mutations was the free-living Burkholderia and the Burkholderia endosymbionts of Rhizopus (table 4). The Ca. Tremblaya lineage harbored the highest number of total mutations (table 3,  supplementary fig. S1 , Supplementary Material online) and showed the greatest heterogeneity among the isolates, both in the compensatory and the complementary mutation categories (table 3) . This lineage was also the only one where we found mismatch mutations.
In the compensatory mutation category, the Poisson regression analysis revealed that the interaction between the effects of the lineage affiliation and the total number of mutations was a significant predictor of the compensatory mutation number (LR 5 17.49, P 5 0.0006), and thus individual effects of the lineage affiliation and the total number of mutations could not be separated. The Wald Chi-square comparisons indicated that Ca. Tremblaya had significantly more compensatory mutations than other lineages (tables 3 and 4). The numbers of compensatory mutations in the Burkholderia endosymbionts of Rhizopus, Ca. Glomeribacter, and the free-living Burkholderia were very similar.
Both the lineage affiliation and the total number of mutations were independently significant predictors of the complementary mutation number (lineage effect LR 5 200.12, P , 0.0001; total mutation effect LR 5 64.27, P , 0.0001). The interaction between the effect of the lineage affiliation and the effect of the total number of mutations was not significant (LR 5 6.82, P 5 0.0779). The free-living Burkholderia and Ca. Glomeribacter were the only lineages that did not differ significantly in the number of complementary mutations (tables 3 and 4). All other pairwise comparisons between an endosymbiont and its free-living relative indicated significant differences in the accumulation of complementary mutations, including the Burkholderia endosymbionts of Rhizopus, which harbored fewer mutations than the free-living Burkholderia (tables 3 and 4). The Burkholderia endosymbionts of Rhizopus also had fewer complementary mutations than Ca. Glomeribacter.
Evolutionary Trajectory Comparison
All lineages, both endosymbiotic and free-living, had secondary structures of the 16S rRNA molecules that were generally less stable than these of the MRCA. This enabled us to represent the patterns of mutation accumulation in The values are measures of the change in Gibb's free energy (DG in kcal mol
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) associated with the predicted structure.
the rRNA genes of different beta-proteobacteria lineages as evolutionary trajectories describing the changes in their rRNA stability since the MRCA. We analyzed whether the slopes of these trajectories were homogenous by testing the significance of the interaction between the effects that the lineage affiliation of the organism and the genetic distance separating this organism from the MRCA had on the change in its rRNA molecule stability since the MRCA. We analyzed two sets of trajectories representing 1) the history of mutation accumulation in the rRNA gene sequences from the MRCA to the extant organisms and 2) the evolution of the rRNA genes during a transition from the free-living to the endosymbiotic lifestyle. In the first set, the trajectories extended from the origin point representing the rRNA stability in the MRCA to the endpoints representing the mean change in the rRNA molecule stability since the MRCA and the mean genetic distance to the MRCA in each extant lineage ( fig. 2A ). We could not reject Mutations were determined by comparisons with the consensus sequence of Domain I in the clade of Burkholderia, Ralstonia, Ca. Tremblaya, and Ca. Glomeribacter. the hypothesis that the slopes of these trajectories were homogenous (F 1,3 5 1.79; P 5 0.1826). However, the model was statistically significant (F 7 5 11.96; P , 0.0001), and thus, we could use the Tukey-Kramer test to examine the effect of the lineage affiliation of the organism on the change in its rRNA molecule stability since the MRCA. We found that the change in the Ca. Glomeribacter rRNA molecule stability was significantly different from the changes in the free-living Burkholderia (P 5 0.0034), the Burkholderia endosymbionts of Rhizopus (P 5 0.0018), and Ca. Tremblaya (P 5 0.0007). The free-living Burkholderia, the Burkholderia endosymbionts of Rhizopus, and Ca.
Tremblaya did not differ from each other.
To analyze the evolutionary trajectories that described a transition in the lifestyle from the free-living condition to the endosymbiotic condition, we compared the slopes of the trajectories that connected the point representing the mean change in the rRNA molecule stability since the MRCA and the mean genetic distance to the MRCA in the free-living Burkholderia with the points representing the mean change in the rRNA molecule stability since the MRCA and the mean genetic distance to the MRCA in each extant endosymbiotic lineage ( fig. 2B ). We could not reject the hypothesis that the slopes of these trajectories were homogenous (F 1,2 5 1.08; P 5 0.3645). However, because the model was significant (F 5 5 5.11, P 5 0.0055), we used the Tukey-Kramer test to identify the lineages whose rRNA stability trajectories were different after transition to the symbiotic lifestyle. We found that Ca. Glomeribacter differed significantly from the Ca. Tremblaya (P 5 0.0301).
Mutation Accumulation Patterns in Protein-Coding Genes
In addition to the 16S rRNA gene mutation analyses, we evaluated the accumulation of mutations in protein-coding genes by measuring the ratio of the rate of nonsynonymous substitutions to the rate of synonymous substitutions, d N /d S . Approximately half of the genes analyzed in Ca. Tremblaya exhibited an overabundance of nonsynonymous substitutions (table 5) . In contrast, no excessive accumulation of nonsynonymous substitutions was apparent in any of the genes analyzed in the Burkholderia endosymbionts of Rhizopus (table 5) . Of the seven genes analyzed in Ca. Glomeribacter, only one showed excess of nonsynonymous substitutions (table 5) . This gene, pstA, is involved in phosphate transport (Ruiz-Lozano and Bonfante 1999) and was the only one in an operon of five genes that exhibited a significant increase in the d N /d S ratio (table 5) .
Because sequence data were not available for the same genes in all lineages, we could not make direct comparisons of mutation accumulation patterns in protein-coding loci between the lineages. Nevertheless, we were able to conclude that the observed differences between Ca. Tremblaya and Ca. Glomeribacter were not due to differences in the G þ C content. The average G þ C content for the genes analyzed in Ca. Tremblaya was 55%, which is consistent with values reported by Baumann (2005) . The average G þ C content for the genes analyzed in Ca. Glomeribacter showed a similar value of 58%.
Discussion
Inferring Life Histories from Patterns of Molecular Evolution
Our exploration of the patterns of molecular evolution in a set of closely related endosymbiotic beta-proteobacteria associated with divergent eukaryotic hosts revealed dramatic differences in the patterns and rates of mutation accumulation. Relying on the empirically validated principles of the nearly neutral theory of molecular evolution, we used these patterns to make inferences about the life histories of the endosymbionts, including the degree of mixing of endosymbiont lineages. In the Ca. Tremblaya princeps endosymbionts of mealybugs, we found evidence of reduced thermodynamic stability of rRNA, overabundance of compensatory and nonsynonymous substitutions, and an accelerated rate of evolution relative to the free-living Burkholderia species. This pattern is consistent with the expectation of increased fixation of slightly deleterious mutations in maternally transmitted endosymbionts that exhibit small effective population sizes .
In the Burkholderia endosymbionts of R. microsporus, the only difference that we detected relative to freeliving Burkholderia species was reduced accumulation of complementary mutations. All other patterns of evolution were undistinguishable between the two groups. These data suggest that, contrary to expectations, the Burkholderia endosymbionts exhibit quite large effective population sizes. A large effective population size is consistent with the inference of gene exchanges among Burkholderia endosymbionts associated with globally distributed isolates of Rhizopus reported recently by Lackner et al. (2009) . The Burkholderia endosymbionts of Rhizopus are able to proliferate on microbiological media, which indicates a degree of metabolic independence from the host (PartidaMartinez and Hertweck 2005) . It is, however, uncertain whether in nature they have a free-living stage that could facilitate horizontal transmission. In addition to horizontal transmission via the soil environment, gene exchanges might be facilitated by sexual interactions of the fungal hosts. Sexual exchanges in the genus Rhizopus involve fusions of multinucleate gametangia (Cutter 1942; Olive 1953) and could potentially bring into contact endosymbionts that reside in the two parents. Cytological examination of the endosymbiont behavior during the host sexual process is required to test this hypothesis.
In insect endosymbionts, there seems to be a profound difference between the contribution of the host sexual interactions to the mixing of symbionts, depending on whether the endosymbionts are essential to the host survival or remain merely facultatively beneficial. In essential endosymbionts, like Buchnera in aphids, there is no evidence of horizontal transmission due to sexual interactions between hosts (Moran and Dunbar 2006) . In contrast, facultatively beneficial endosymbionts, like Hamiltonella defensa in aphids, can be horizontally transmitted (Moran and Dunbar 2006) . Hamiltonella defensa confers resistance to parasitoid wasps and likely imposes a fitness cost on the host in the absence of the parasitoids (Oliver et al. 2008 (Oliver et al. , 2009 Degnan et al. 2009) . It is therefore possible that the capacity for horizontal transmission is favored because of the selective disadvantage of maintaining the endosymbionts in the absence of parasitoid pressure.
Unlike the facultatively beneficial endosymbionts of insects, the Burkholderia endosymbionts of Rhizopus are essential to the reproduction of their hosts (Partida-Martinez, Monjembashi, et al. 2007 ). The significance of the bacteria to the fungal reproduction suggests that this association has reached a level of coevolution at which the reproductive interests of the partners are coupled. Therefore, the patterns of molecular evolution in the Burkholderia endosymbionts found in our study, which are nearly indistinguishable from those in free-living bacteria, are surprising, given the prediction that aligning the host and symbiont reproductive interests favors reduced mixing of symbionts.
Virtually all aspects of molecular evolution investigated in this study set the Ca. Glomeribacter endosymbionts of Glomeromycota apart from the Ca. Tremblaya endosymbionts of insects. The endosymbionts of Glomeromycota evolved at a slower rate, accumulated fewer mutations, including compensatory and nonsynonymous substitutions, and followed an evolutionary trajectory that was distinct from the trajectory of the insect endosymbionts. However, the direction and magnitude of the rRNA evolution trajectory in the Ca. Glomeribacter lineage were largely caused by elevated local stability of rRNA secondary structures, which could be attributed to accumulation of inserted nucleotides. Such accumulation of insertions may represent a deleterious disruption of the ribosome tertiary structure and have similar fitness effect on the ribosome function as accumulation of slightly deleterious nucleotide substitutions. The differences between Ca. Tremblaya and Ca. Glomeribacter are not due to differences in the genomic G þ C content. Furthermore, the observed patterns are not related to the ages of the clades, because the age of the Ca. Glomeribacter lineage is greater than the age of the Ca. Tremblaya lineage, although they might be related to the ages of the respective symbioses. Most likely, the patterns of molecular evolution that differentiate Ca.
Glomeribacter from Ca. Tremblaya are a reflection of the different life histories of the two endosymbiotic lineages.
Even though the rate of evolution in the Ca. Glomeribacter lineage was slower than in the Ca. Tremblaya lineage, it was faster than the rate of evolution in the free-living Burkholderia spp. and in the Burkholderia endosymbionts of Rhizopus. Furthermore, the trajectory of rRNA evolution in Ca. Glomeribacter was distinct from the trajectories of other lineages. Yet, despite these differences, the Ca. Glomeribacter lineage did not differ from the free-living Burkholderia and from the Burkholderia endosymbionts of Rhizopus in the number of compensatory substitutions or in the pattern of nonsynonymous substitution accumulation. Taken together, our observations suggest that although the effective population size of Ca. Glomeribacter may be different from the effective population sizes of maternally transmitted endosymbionts of insects, it is also likely different from the effective population sizes of the free-living Burkholderia and of the Burkholderia endosymbionts of Rhizopus. This conclusion implies that the lifestyle and transmission mode of Ca. Glomeribacter have peculiarities that differentiate these endosymbionts of Glomeromycota from the endosymbionts of insects.
Even though Ca. Glomeribacter can be maintained alive for several weeks after isolation from the fungal hyphae, it does not propagate on standard microbiological media ). However, like in the facultatively beneficial endosymbionts of insects, the metabolic dependence on the host may not be necessarily a barrier to horizontal transmission among host lineages or to gene exchanges between the endosymbionts. In Ca. Glomeribacter, horizontal transmission could be accomplished by 1) spreading from host to host via the soil environment or 2) direct interactions between different host individuals. Transmission from host to host via the soil, after bacteria are released from disrupted fungal hyphae, is an attractive hypothesis that requires further exploration. Ca. Glomeribacter possesses the vacB gene (Ruiz-Lozano and Bonfante 2000), which is known to be involved in colonization of eukaryotic hosts by bacteria (Erova et al. 2008) . Based on what is known about the biology of AM fungi, horizontal transmission mediated by direct interactions of fungal hosts is less likely although not impossible. Unlike the Rhizopus hosts of B. rhizoxinica and B. endofungorum, the AM fungal hosts of Ca. Glomeribacter are not known to engage in sexual exchanges that could facilitate mixing among bacteria associated with different host individuals (Pawlowska 2005; Rosendahl 2008 ). Instead, transfer of Ca. Glomeribacter between different hosts could be mediated by vegetative fusions of fungal hyphae (Croll et al. 2009 ), although such fusions are believed to be very rare (Giovannetti et al. 1999; de la Providencia et al. 2005; Voets et al. 2006 ).
Mutation Accumulation Patterns in rRNA Genes
Predictions of the nearly neutral theory of molecular evolution about accumulation of compensatory mutations have not been examined extensively. Our study demonstrated that the rRNA genes of Ca. Tremblaya accumulated significantly more compensatory mutations than those of its free-living relatives and of the closely related bacterial endosymbionts of fungi. This pattern is consistent with the prediction that populations with small effective sizes exhibit elevated fixation of compensatory mutations (Ohta 1973) . The incidence of compensatory mutations is of particular significance in small asexual populations, typical for vertically transmitted endosymbionts (Poon and Otto 2000; Zhang and Watson 2009) . Such populations are subject to Muller's ratchet, that is, a random and irreversible loss of mutation-free genotypes that cannot be recreated in the absence of recombination (Muller 1964; Felsenstein 1974; Moran 1996) . Progressive accumulation of deleterious mutations that accompanies the advance of Muller's ratchet is expected to result in mutational meltdown and population extinction (Lynch and Gabriel 1990; Gabriel et al. 1993; Zeyl et al. 2001) . However, population meltdowns are not unavoidable. The evolutionary theory predicts that extinctions can be averted if deleterious mutations are compensated (Poon and Otto 2000) . Empirical data suggest that such compensation may restore the fitness lost due to deleterious mutations (Burch and Chao 1999; Poon and Chao 2005) . The effects of compensatory mutations on fitness recovery are expected to increase with the reduction in the effective population size (Zhang and Watson 2009) . Furthermore, in a population with a fixed effective size, the role of compensatory mutations in fitness recovery is predicted to grow with the acceleration in the deleterious mutation rate (Zhang and Watson 2009) . When the mutation rate is sufficiently high, compensatory mutations are expected to make fixation of the initial deleterious mutations more likely through joint fixation, if the initial deleterious mutations are not fixed prior to the occurrence of the compensatory mutations (Cowperthwaite et al. 2006) . Selection against the initial deleterious mutations, together with recombination, are important factors that can affect the time to the joint fixation of both mutations (Kimura 1985; Higgs 1998; Innan and Stephan 2001) . When selection is moderately strong and the recombination rate is high, the time to the joint fixation is expected to be significantly longer than when selection is weak and the recombination rate low.
Unlike the theory concerning accumulation of compensatory mutations (Ohta 1973; Kimura 1985; Higgs 1998; Innan and Stephan 2001) , no rigorous predictive framework has been developed for complementary mutations. Nevertheless, the significance of complementary mutations in maintaining stability of the rRNA secondary structures suggests that patterns of accumulation of complementary mutations are likely to reflect specific selective regimes associated with different life histories. In fact, our examination of complementary mutations in rRNA genes of betaproteobacteria with different life histories indicates that both, the lineage affiliation and the total number of accumulated mutations are significant predictors of the numbers of complementary mutations.
Utility of Evolutionary Trajectories
The assessment of the rRNA molecule stabilities in the endosymbiotic and free-living members of the Burkholderia clade and in their MRCA enabled us to reconstruct a trajectory of the rRNA evolution in each of the examined lineages. These trajectories successfully summarized the effects of the accumulation of deleterious mutations in the 16S rRNA genes, allowing for direct comparisons between the endosymbiont lineages by taking into account phylogenetic relationships. Comparison of the trajectories extending from the MRCA ( fig. 2A ) revealed that even though the extent of evolutionary differentiation is similar in free-living Burkholderia, the Burkholderia endosymbionts of Rhizopus, and Ca. Glomeribacter, as demonstrated by the similarities in genetic distance, the accumulation of mutations has affected rRNA molecule stability in the Ca. Glomeribacter lineage differently than in the other lineages. The slopes of the rRNA stability trajectories in the free-living Burkholderia, the Burkholderia endosymbionts of Rhizopus, and Ca. Tremblaya were indistinguishable from each other, indicating that nucleotide substitutions have similar effects on rRNA molecule stability in these lineages. However, these data also showed that evolution was occurring at a much faster rate in Ca. Tremblaya than in the other lineages. Treating the trajectories as vectors allows for separation of lineages based on the differences in the trajectory motion in two dimensions. This is exemplified by a comparison of transitional evolutionary trajectories from the freeliving state to the current endosymbiotic state (fig. 2B ). The evolutionary trajectories from the free-living state to the present-day Ca. Tremblaya and Ca. Glomeribacter contain Y-components with different signs, resulting in trajectories moving in opposite directions. The divergence of these trajectories is caused by differences in the rRNA secondary structure stability as well as accumulation of compensatory and complementary mutations. Even though the directions of these patterns differ between Ca. Tremblaya and Ca. Glomeribacter, their total magnitude is very similar. Consequently, we cannot rule out that both of these patterns are products of accumulation of deleterious mutations through genetic drift.
Conclusions
To test the prediction that coevolution between eukaryotic hosts and bacterial endosymbionts universally favors reduced mixing of symbionts, we examined the patterns of molecular evolution in two lineages of beta-proteobacteria associated with fungi and compared them with the closely related insect endosymbionts and free-living soil bacteria. To make inferences about the life histories of the fungal endosymbionts, we relied on the empirically confirmed predictions of the nearly neutral theory of molecular evolution concerning fixation of slightly deleterious mutations in populations with small effective sizes. Our results suggest that the patterns of molecular evolution in the Burkholderia endosymbionts of Rhizopus are nearly indistinguishable from those in the free-living Burkholderia. Given the strong alignment of the host and symbiont metabolic and reproductive interests, this observation is inconsistent with the expectation of reduced mixing of symbiont lineages. In contrast, the Ca. Glomeribacter endosymbionts of Glomeromycota show unique patterns of mutation accumulation that differentiate them from both the Burkholderia endosymbionts of Rhizopus and the Ca. Tremblaya endosymbionts of insects. Although the accelerated rate of molecular evolution apparent in the Ca. Glomeribacter lineage is consistent with reproductive dependence on their fungal hosts, the lack of overaccumulation of compensatory and nonsynonymous substitutions points to possible symbiont mixing and gene exchanges. Overall, our results show that the patterns of molecular evolution in endosymbionts of fungi are distinct from the patterns widely observed in the maternally transmitted essential endosymbionts of insects. We conclude that the reduced mixing of symbiont lineages is not a universal feature of symbioses between fungi and endocellular bacteria. Based on our observations, we propose that studies of mutation accumulation patterns can provide important insights into life histories of organisms recalcitrant to experimental manipulation.
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